Tractor rollover is one of the most hazardous events for the driver. The rollover protective structure (ROPS) 
slopes, steel track tractors, having a greater contact surface with the ground, have improved stability and adherence and have often been preferred to wheeled tractors for their higher tractive performance (Wood and Burt, 1993) . However, the steel tracks do not allow these tractors to reach speeds comparable to wheeled tractors Schwanghart and Crolla, 1992) .
A recent design development led to modern narrow-track tractors that combine the advantages of tires and tracks. These tracked tractors were obtained by replacing the tires with rubber track units. This design is very recent for compact tractors and was derived from conventional agricultural tractors in which the increase in engine size increased the demand for transferring power from the engine to draft force. In addition to tire improvement, a solution was to retrofit four separate track units, opening up interesting possibilities for agriculture (Arvidsson et al., 2011) . This design improvement replaced the tires with rubber track units on the rear axle or even on both axles. To overcome the limits in maneuverability of narrow-track tractors fitted with four rubber track units, the rubber tracks were installed on articulated tractors, in which the steering of the front part of the tractor is achieved through a central joint (Guzzomi and Rondelli, 2013) .
The replacement of tires with rubber track units on narrow-track tractors with a rollover protective structure (ROPS) installed in front of the driver raises a new safety issue related to the tractor behavior in a lateral rollover. ROPS is a passive solution to protect the driver in a rollover event (Moberg, 1964) and has long been recognized as an effective means to greatly reduce the likelihood of driver injury in a tractor overturn (Springfeldt, 1996) . Recent studies on standardized ROPS test criteria have verified the effects of tractor evolution in terms of design and operation in the field with respect to the force and energy considered in the sequence of ROPS test loadings (Guzzomi et al., 2009; Rondelli and Guzzomi, 2010) . In addition, the energy absorbed by the ROPS in a tractor-ground impact has been considered, and a prediction model was developed for narrow-track tractors (Franceschetti et al., 2014) . However, the testing criteria for ROPS fitted on narrow-track tractors were defined in the 1980s and referred only to wheeled tractors (Boyer et al., 1976; Chisholm, 1979a Chisholm, , 1979b Chisholm, , 1979c Schwanghart, 1984) . Until now, the front two-post ROPS has been mounted only on wheeled narrow-track tractors because it represents a special case of ROPS being linked to the provision of a reduced clearance zone for the driver ( fig. 2 ) (OECD, 2016) , allowing the tractor to operate in very narrow clearance conditions, such as in orchards and vineyards. Because of the reduced safety zone, the ROPS loading procedures are completed by two preliminary tests to verify the tractor behavior in the case of a lateral rollover.
The ROPS structure is only subjected to strength tests when both the preliminary lateral stability test and non-continuous rolling test have been satisfactorily completed. The purpose of the preliminary tests is to ascertain that, after striking the ground in the case of lateral rollover, the tractor may lift itself from the surface by pivoting around the upper corner of the ROPS structure, but it must not roll over. Many theoretical and experimental studies were conducted in the 1970s and 1980s, and a mathematical model was developed to simulate the behavior of a wheeled tractor during a lateral overturn (Schwanghart, 1984) . This model considers specific critical boundary conditions and was included in the OECD Standard Codes in 1990 as an alternative to the actual overturn test (OECD, 1990 ). The original model remained unchanged over the years in its use for narrow-track wheeled trac- tors, but it has been the subject of studies with respect to the ROPS needs of front-drive mowers (Wang et al., 2007; Wang and Ayers, 2006) .
Modern narrow-track agricultural tractors fitted with rubber tracks, which are considered tracked tractors, are not allowed to mount a front foldable ROPS because the assumptions of the calculation adopted in Code 6 specifically refer to tire behavior. There is strong market interest in this tractor type because tracks, having a greater contact surface with the ground, could give improved stability and adherence than wheeled tractors in sloping orchards and vineyards. At the standardization level, two different approaches were therefore suggested. The first approach was related to the higher stability of tracked tractors with respect to wheeled tractors so that the non-continuous rolling calculation could be considered unnecessary on tracked tractors. The second approach proposed extending the applicability of the calculation by considering track behavior with respect to tire behavior. Even if narrow rubber-tracked tractors have greater stability, there is still a potential risk of rollover in normal field operations. Excluding the non-continuous calculation is therefore not acceptable, as the tractor's front foldable ROPS provides a reduced clearance zone for the driver. The conclusion at standardization level was the need to develop a revised model for non-continuous rolling behavior to allow front-mounted ROPS on tracked tractors.
The aim of this study was to extend the field of application of the standardized calculation for non-continuous rolling behavior, thereby allowing rubber-tracked tractors to be fitted with front ROPS suitable for working in narrow orchard and vineyard rows. An analysis was performed of the behavior of a rubber-tracked tractor with respect to a wheeled tractor in the standardized preliminary tests of lateral stability and non-continuous rolling. The parameters affected by the rubber track were updated in the original model for noncontinuous rolling behavior. Results of the revised model calculation for the tracked tractor and analysis of the effect of increased ROPS height on the rolling likelihood are presented.
Materials and Methods
The assessment referred to narrow-track agricultural tractors with front-mounted foldable two-post ROPS. A wheeled tractor (tractor A in fig. 1 ) was compared to a tractor fitted with triangular rubber tracks (tractor B in fig. 1 ) with respect to their behavior in lateral stability and non-continuous rolling according to OECD Code 6 preliminary tests. Tractor A was already on the market, while tractor B was a prototype derived from a wheeled tractor by replacing the rear tires with triangular rubber tracks. The evaluation was performed at the OECD Test Station of Bologna, Department of Agricultural and Food Sciences, University of Bologna, Italy.
The preliminary lateral stability test is intended to verify the static stability of narrowtrack tractors on a slope of 38°. The non-continuous rolling calculation is intended to determine if a ROPS fitted to the tractor can satisfactorily prevent continuous rolling in the event of a lateral overturn on a slope with a gradient of 1 in 1.5 (34°).
Preliminary Test: Lateral Stability
The tractors were placed on a flat ground surface with the front tires turned to full right lock. The heaviest axle was then progressively tilted by raising the wheels with a forklift while constantly measuring the angle of inclination. The test was stopped at the unstable equilibrium position of the tractor, even if the requirement for lateral stability referred to an angle of inclination of at least 38° on the wheels touching the ground. The test was repeated with the front tires turned to full left lock. During the lateral stability test, the rubber track behavior was video recorded with a high-speed camera (AOS S series camera, 1000 frames s -1 ) to analyze the track-ground interaction.
Preliminary Test: Non-Continuous Rolling
The non-continuous rolling behavior was simulated using MATLAB (ver. R2016a, MathWorks, Inc., Natick, Mass.). Figure 3 shows a narrow-track wheeled tractor with a front ROPS, as considered in the mathematical model, with the dimensions and positions of the geometric parameters to be assessed. The model simulates non-continuous rolling behavior by calculating the angular velocity of the tractor during rollover. For each tractor, 17 input parameters were measured and inserted into the model (table 1) . For the rubber tracks, the height of rear tires under full axle load (D3) and the rear tire width (B0) were defined by considering the triangular track design. The height and width of the rear tire were replaced with the height and width of the rubber track. Apart from the adjustment of the rear axle to fit the tracked wheel, the tractor design was considered unchanged. Casini-Ropa, 1976) . The other parameters were measured directly on the tractor (table 1). The replacement of tired wheels with rubber-tracked wheels on the rear axle required a revision of the original OECD Code 6 model.
Revision of Original Mathematical Model
The original mathematical model was based on the following assumptions: only the tractor tires are deformable, the remaining parts of the tractor are a rigid body (shock absorbers and silent blocks are ignored), the plane of symmetry is the plane passing through the CoG and orthogonal to the rear axle, the ground surface is defined as a non-deformable plane, and aerodynamic forces and heat loss are ignored. The model subdivides the rollover process into phases characterized by rotation about a fixed axis (the governing equation of the model uses conservation of energy principles to determine the angular velocity of the tractor CoG) alternating with phases in which the axis of rotation shifts in the body-ground impact (the angular velocity is calculated according to the conservation of momentum principles and Newton's second law).
The revision of the calculation considered the non-deflection of the rubber track, which affected the first assumption. In addition, the shape, non-deflection, and interaction with the ground of the rubber track affect the tractor tipping axes and consequently the rolling behavior.
An analysis of the mathematical model was conducted first to produce the correct output for the rubber track. Additional knowledge related to the tractor's unstable inclination angle and the level of potential energy (PE) stored in the tractor system was obtained, and the results are presented.
Revised Unstable Equilibrium
The original model assumption was to consider the tire deflection under load and to define the pivot point of the initial tractor rollover (unstable equilibrium) as the center of the tire tread ( fig. 4a ). This assumption was not feasible for the tractor fitted with rubber tracks due to the non-deflection behavior under load of the track design. Consequently, the pivot point for the tractor was assumed as the outer edge of the track ( fig. 4b) .
In the original model, the rear track width (S) (table 1) defines parameter S1 as:
To represent the rubber track, the revised model defines parameter S1* considering the rear track width (S) and rear tire width (B0) (table 1) as:
because the tipping rotation is influenced by the non-deflection of the rubber track. For the unstable equilibrium of the tractors ( fig. 5 ), parameters S1 and S1* affect the level of PE stored in the tractor system. PE was calculated for both tractors on the basis of the CoG position and the mass of the tractor according to:
where M c is the tractor mass used for calculation, g is the acceleration due to gravity, and h is the vertical change in CoG height.
Revised Tipping Axis
The original model assumed the tractor axis of rotation at the time of first impact onto the ground as tangent to the uppermost edge of the tire (fig. 6 ). The calculation allows defining the uppermost edge of the tire considering angle F2 as a function of D2, D3, and L0: 
To represent a tractor fitted with triangular rubber tracks, the axis of rotation at the first impact onto the ground had to be updated because of the different design of the track with respect to the tire. The revision of the model used a simplified geometrical assumption of the track design. A tractor tipping axis passing through the uppermost point of the track and tangent to the front tire was assumed ( fig. 6 ). The revision of the axis of rotation affected the definition of angle F2, and the updated model considered F2* as: where
Considering the solution with the + sign, the updated angle F2* became:
Results and Discussion
The lateral stability test had positive results for both tractors, which were tilted until unstable equilibrium was achieved ( fig. 7) . Tractor A at unstable equilibrium was pivoting around the midpoint of the tire width because of tire deflection. The behavior of the rubber track at unstable equilibrium under full load caused the tractor to pivot around the outer edge of the track due to the non-deflection of the track and the wider contact surface with the ground. The rubber track increased the lateral stability angle of the tractor ( in table 2) compared to the tire. The tractor lost stability when the vertical projection of the CoG overcame the rubber track outer edge ( fig. 5 ). The angles of inclination and the levels of potential energy (PE) stored in tractors A and B at unstable equilibrium are shown in 2. The non-deflected track of tractor B increased the distance between the CoG and the pivot point at rollover initiation, while the higher mass increased tractor inertia. As a result, the potential energy of tractor B was higher than that of tractor A. The non-continuous rolling behavior differed for the two tractors. The calculation defines continuous rolling behavior of a tractor (a negative result) when the simulated angular velocity () does not decrease to zero because the position of the CoG vertical projection overcomes the ROPS-ground impact point, as shown in figure 8 . The CoG measurements made with the oscillating platform showed the modification of CoG position and moment of inertia about the longitudinal axis through the CoG. The CoG of tractor B was located downward and rearward with respect to tractor A. The use of rubber tracks to replace the rear tires increased the tractor mass and moment of inertia. The result of the calculation for tractor A was positive because the tractor rolling stopped; however, the non-continuous rolling behavior of tractor B, verified with the revised model, had a negative result because the rolling continued (table 3) . The greater mass and the lower and rearward CoG position of tractor B increased the tractor's angular velocity during lateral rollover.
The results of the lateral stability and non-continuous rolling tests showed opposite trends for tractor B. A decrease in the rollover likelihood was clear; however, at the same time, the revised model predicted continuous rolling behavior once a rollover began. When the model output requires the manufacturer to modify a tractor design to stop the continuous rolling of the tractor, a possible approach is to increase the height of the ROPS in order to modify its impact point with the ground (H6 in table 1) . The increase in ROPS height positively affects the decrease in angular velocity after the ROPS-ground impact. To demonstrate the effect of the variation of parameter H6, figure 9 shows the model outputs obtained with different H6 values for tractor A, according to the original model, and for tractor B, as analyzed with the revised model. The H6 threshold for stopping the rolling behavior was 2.15 m for tractor A and 2.43 m for tractor B.
As shown in figure 9 , the tracked tractor required a higher ROPS than the wheeled tractor to obtain non-rolling behavior. The ROPS height needed to be increased by 0.28 m to meet the safety requirement. The level of safety considered for narrow tractors with respect to the preliminary conditions of lateral stability and non-continuous rolling shows that increased stability is associated with higher rolling likelihood, as previously noted by Molari and Rondelli (2004) for narrow wheeled tractors that were adjusted in their minimum and maximum track widths.
Conclusions
A recent approach in the design of narrow-track tractors is the fitting of rubber tracks. A consequent safety issue is that the standardized calculation for assessing non-continuous rolling behavior does not apply to narrow rubber-tracked tractors because it was originally developed assuming only the behavior of the tire in a lateral rollover. The original calculation model was revised, mainly with respect to tire deflection under full load and the tractor pivot point at unstable equilibrium, and the OECD Code 6 standardized preliminary procedure for lateral stability and non-continuous rolling of the rubber-tracked tractor was conducted and compared to the equivalent wheeled tractor evaluated according to the original model. The design of the narrow-track tractor with rubber tracks was otherwise unchanged with respect to the narrow-track wheeled tractor, making the comparison between the two tractor types an acceptable approach for revision of the prediction model.
In the tested tractor, the rubber tracks increased the tractor mass and affected the position of the center of gravity (CoG), causing a downward and rearward movement of the CoG as compared to the wheeled tractor. The results of the lateral stability and non-continuous rolling tests showed opposite trends for the rubber-tracked tractor. A decrease in the likelihood of rollover was clear; however, at the same time, the revised model predicted continuous rolling behavior once a rollover began. To prevent continuous rolling, the ROPS height must be increased by 0.28 m to decrease the angular velocity after the ROPSground impact. Increasing the ROPS height is a simple design change for a tractor manufacturer, and it maintains the same safety level for the driver as that guaranteed by the equivalent wheeled tractor. The advantage of a narrow rubber-tracked tractors in sloping vineyards and orchards is well demonstrated by the higher stability of these machines.
The 2017 edition of the OECD Code 6 will follow this approach, and a revised model will be available that preserves an acceptable safety level for the tractor driver and allows the use of narrow rubber-tracked tractors with front foldable ROPS in orchards and vineyards.
